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1.Introduction
Label-free electrical detection of biomolecule based on nano-meter size materials has attracted
in many fields such as clinical diagnosis for health care, life science and practical pharmacy
because they are expected for rapid and easy detection of various biological species at home.
Chemical and biological sensors using silicon nanowires(Cui et al., 2001; Li et al., 2005;
Zheng et al., 2005) and carbon nanotubes (CNTs)(Besteman et al., 2003; Chen et al., 2003;
Ishikawa et al., 2010; Maehashi et al., 2007; Maehashi, Matsumoto, Kerman, Takamura &
Tamiya, 2004; Martnez et al., 2009; Star et al., 2003) have been developed for the past decades.
Especially, CNT field-effect transistors (CNT-FETs) are one of the strongest candidates for
biosensing applications due to their high aspect ratio, high mechanical strength, large surface
areas and outstanding electrical characteristics. These superior characteristics make CNTs
ideal for nanoscale devices(Saito et al., 1998). There have been many reports about chemical
and biological sensors using CNT-FETs such as proteins, glucose, DNA hybridizations and
immunosensors(Besteman et al., 2003; Chen et al., 2003; Ishikawa et al., 2010; Maehashi et al.,
2007; Maehashi, Matsumoto, Kerman, Takamura & Tamiya, 2004; Martnez et al., 2009; Star
et al., 2003).
Although the CNT-FET based sensors have high potential, their electrical characteristics
strongly depends on their chirality (diameter) and work function of the contact
metal(Chen et al., 2005). Since the chirality control growth of CNTs has not been
achieved, the reproducibility and stability of the CNT-FET based sensors have been major
problem(Maehashi, Ohno, Inoue & Matsumoto, 2004). And the typical absolute value of the
drain current (ID) of a CNT-FET with one CNT channel in solution is several nA to several 10
nA because only small drain and gate voltages can be applied in solution due to the avoidance
of solution electrolysis and oxidization of the electrodes, channel and analyte. To resolve these
problems, aligned CNTs have been studied in recent years(Palaniappan et al., 2010). However,
the separation between semiconductor and metallic CNTs is also very difficult problem.
Graphene, single layer hexagonal network of carbon atom, can modify these problems.
Since they are ideal two-dimensional crystal with extremely high carrier mobility at
room temperature without any sophisticated doping process and very stable materials,
graphene field-effect transistors (G-FETs) have been expected for the next-generation
practical devices(Geim & Novoselov, 2007; Novoselov et al., 2004). In recent years, sensing
applications using graphene and graphene-like materials have been intensively studied
because their electrical characteristics are very sensitive for the environmental conditions and
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Fig. 1. Raman spectra of G- and 2D-bands for 1 and 2 layer(s) graphene and HOPG.
the surface-analyte or analyte-analyte bindings occur very close to the graphene channel(Yang
et al., 2010). The mechanism of action for G-FET sensors is that chemical species adsorbed
on the surface of the graphene act as electron donors or acceptors, resulting in conductance
changes. Most of the graphene sensors have been used to detect gas molecules(Arsat et al.,
2009; Dan et al., 2009; Fowler et al., 2009; Lu et al., 2009; Qazi et al., 2007; Robinson et al., 2008;
Schedin et al., 2007). In addition, research on electrical detection of biomolecule detection
using graphene has gradually increased over the last few years. Electrochemical detections of
glucose and proteins have been investigated(Alwarappan et al., 2009; Lu et al., 2007; Shan
et al., 2009; Shang et al., 2008; Wu et al., 2009). Field-effect transistors based on reduced
graphene from graphene oxide or graphene amine have detected DNA hybridizations
and negatively charged bacteria(Mohanty & Berry, 2008). In graphene, the highest carrier
mobility is only achieved in single-layer graphene due to its linear energy dispersion at K
point(Nagashio et al., 2008). Since the sensitivity using G-FET-based chemical and biological
sensors depend on their transconductance (= ∂ID/∂VG = CGVDµ; where CG, VD and µ
are the gate capacitance, drain voltage and field-effect mobility, respectively), G-FETs with
single-layer graphene are thought to be suitable for the sensing devices.
In this chapter, we describe our attempts to apply G-FETs with single-layer graphene to
chemical and biological sensors(Ohno et al., 2009). We investigated behavior of G-FETs
immersed in an electrolyte and show that they have very good transfer characteristics
compared with their characteristics in vacuum. They also exhibit clear pH-dependent
ID characteristics and could electrically detect surface-protein adsorption. Moreover, we
demonstrate the achievement of electrical detection of biomolecules and their charge types
by G-FETs.
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2. Experimental
The G-FETs used in this study were fabricated on a 285-nm-thick thermally grown SiO2 layer
on a heavily p-doped silicon substrate (ρ < 0.01 Ω·cm). Single-layer graphene flakes were
obtained by micromechanical exfoliation using natural graphite and clear adhesive tape. The
graphene flakes were searched by an optical microscope after slowly peeling off the tape from
the substrate. As a result of this procedure, various types of graphene layers (or thick graphite)
were identified on the surface SiO2/Si substrate. Single-layer graphene flakes were identified
by analyzing the shift in green intensity under optical microscope observation and by Raman
spectroscopy. Figure 1 compares the 632.8 nm Raman spectra of 1 and 2 layer(s) graphene and
highly oriented pyrolytic graphite (HOPG). Two strong peaks with a G band at ∼1580 cm−1
and a 2D band at ∼2650 cm−1 could be observed. A single peak of the 2D can be observed
for the single-layer graphene, while a much broader peak with some shoulders, shifted to
a high-frequency, could be observed for the bilayer graphene. As shown in Figure 1, a single
peak in the 2D band in the Raman spectrum is direct evidence of single-layer graphene(Ferrari
et al., 2006). Ti (5 nm)/Au (30 nm) source and drain electrodes were formed by electron beam
lithography and lift-off method. The degenerately doped silicon substrate was also used for
the back gate. Typical optical microscope image of G-FET was shown in Fig. 2.
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Fig. 2. Optical micrograph of a typical G-FET.
To measure the solution pH value and protein adsorption, the device was surrounded by a
silicone rubber pool attached to the substrate. Then, the Ag/AgCl reference electrode was
immersed into the solution contained within a silicone rubber barrier as shown in Fig. 3
and Fig. 4. The Ag/AgCl reference electrode was used as the top-gate electrode to minimize
environmental effects(Minot et al., 2007). The electrical characteristics of the G-FETs were
measured by a semiconductor parameter analyzer (4156C; Agilent technologies Inc., Santa
Clara, CA), using two-terminal measurement. In the experiments, we drove the G-FETs under
low voltage (≤ 0.2 V) due to the avoidance of oxidization of electrodes and graphene channel.
Natural graphite used in this work was kindly provided by Nippon Graphite Industries Ltd.
(Shiga, Japan). 10 mM phthalate buffer solution of pH 4.0, phosphate buffer solution of pH 6.8
and 10 mM borate buffer solution at pH 9.3 were purchased from Horiba Ltd. (Kyoto, Japan).
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Fig. 3. Schematic illustration of experimental setup with G-FETs.
10 mm
SourceDrain Ag/AgCl
Silicone rubber pool
Fig. 4. Photograph of experimental setup with a G-FET.
Solutions of various pH values were prepared by mixing a 10 mM phthalate buffer solution
of pH 4.0, a 10 mM phosphate buffer solution of pH 6.8 and a 10 mM borate buffer solution
at pH 9.3. Bovine serum albumin (BSA), which was used as the target protein, was purchased
from Sigma Aldrich Inc. (St Louis, MO).
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3. Results and discussion
3.1 Transport characteristics in solution
At first, we investigated the transport characteristics of G-FETs in solution. In a solution
or electrolyte, the electrical-double layer acts as a top-gate insulator, and the thickness of
electrical-double layer is generally defined by the Debye-Hückel equation, which depends
on the ionic strength and temperature, which is as small as 5 nm in the buffer solution with
several ten mM. This value is very thin compared with the SiO2 layer used as the back-gate
insulator. For graphene devices, only 90 or 290 nm-thick SiO2 can be used because single or
a few layer graphene flakes on the 90 or 290 nm can be observed by a conventional optical
microscope due to the refractive index of the graphene(Blake et al., 2007). Because of this thin
gate insulator, the field-effect applied by the top-gate electrodes is very effective compared
from the back gate. In fact, electrolyte-gated CNT-FETs and G-FETs have shown good electrical
characteristics as thin top-gate insulators with high dielectric constants in ionic solutions(Das
et al., 2008; Rosenblatt et al., 2002).
A typical plot of ID as a function of back-gate voltage under reduced pressure (1× 10−3 Pa)
is shown in Fig. 5. Transconductance (= ∂ID/∂VG) was estimated to be 0.13 µS and 30 µS
for back-gate and top-gate operations, respectively. The transconductance was for top-gate
operation was more than 200 times better than that of back-gate operation; thus, a thin
electrical-double layer is formed on the graphene surface. This result shows that G-FETs can
operate even in solution, and their electrical characteristics in solution are excellent.
To clarify the difference between the gm values of the devices, back- and top-gate capacitances
were estimated using a simple model. Assuming that graphene is equivalent to a metal disk
placed on the insulator, the gate capacitance can be expressed by the equation below, (Gelmont
et al., 1995)
CG =
2piε0(εr + 1)r
tan−1
[
2h(εr + 1)
rεr
] , (1)
where, r, h, εr and ε0 are the radius of the metal disk (graphene), the thickness of
the gate insulator, the relative permittivity and vacuum permittivity, respectively. For the
electrolyte-gated G-FETs (with r=1.5 µm, h=1 nm and εr (H2O)=80), the estimated electrostatic
gate capacitance was CG_EL ∼500 nF cm−2. In this case, if total top-gate capacitance (CTG) is
considered as a series of the CG_EL and the quantum capacitance (CQ), (Meric et al., 2008;
Rosenblatt et al., 2002) then CTG=CG_ELCQ/(CG_EL + CQ). Because the CQ of the graphene
channel is approximately 2 µF cm−2, (Meric et al., 2008) the CTG is 400 nF cm
−2. This value
is more than three orders of magnitude larger than the back-gate capacitance of 85 pF cm−2
(with r=1.5 µm, h=285 nm and εr (SiO2)=3.9), given by the above equation. It can be concluded
that this larger top-gated capacitance gave rise to better transfer characteristics of G-FETs in
the electrolyte, indicating their high potentials for use in field-effect sensing applications.
3.2 pH dependence
The dependence of the transfer characteristics and conductance of G-FETs on pH were
evaluated. Figure 6 shows ID plotted as a function of VTGS for a G-FET in various electrolytes
at various pH values from 4.04 to 8.16. The Dirac points of the G-FET shifted in a positive
detection with increasing pH. This behavior indicates that G-FETs can detect the pH value by
the electrical characteristics. A plot of the time-dependent ID for a G-FET at VTGS =−80 mV
in pH values from 4.0 to 8.2. is shown in Figure 7. Every 10 min, either a 10-mM phosphate
buffer solution at pH 6.8 or a 10-mM borate buffer solution at pH 9.3 were added to increase
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Fig. 5. (a) ID as a function of back-gate voltage at 10−3 Pa and top-gate voltage in an solution
at pH 6.8. (b) Enlarged view of ID as a function of gate voltage.
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the pH. The ID increased stepwise with pH from 4.0 to 8.2, and the ID at each pH value was
virtually constant. The plot of the average ID against pH values indicates that the relationship
between pH and ID is linear over the range from 4.0 to 8.2, as shown in Figure 8. Similar
changes in gate transfer characteristics have been observed for a G-FET exposed to NO2 and
pH dependence of G-FETs with few-layer epitaxial graphene. It is concluded that the increased
ID can be attributed to the increased negative charge around the graphene channel, because
the hole is the carrier in this condition. The origin of the increase in current is not clear at
present. We speculate that hydrogen or hydroxide ions have some effect on the graphene
surface. In case of the CNT-FETs, hydroxide ions bound to the carbon nanotube surface act as
acceptors(Lee et al., 2007; Pan et al., 2004). As a nano-carbon material, graphene may exhibit
chemical reactivity similar to carbon nanotubes. Further investigation is necessary to clarify
this point.
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Fig. 6. ID as a function of top-gate voltage of a G-FET at pH 4.04, 4.94, 6.57 and 8.16.
It should be noted that the Dirac point of G-FETs at a pH solution was not constant. Although
the Dirac point = 0 V was realized at pH 5.8 in this device, other devices showed the Dirac
point = 0 V at different pH values. One possible reason of the instability is due to charged
impurities such as residual EB resist, defects or underlying SiO2 and Si. Indeed, the solution
pH slightly influenced the carrier mobility. Charged impurity scattering is major subject in
the graphene technology. These uncontrollable charged impurities may lead the Dirac point
instability.
The detection limit (=resolution, signal/noise=3) for changes in pH was estimated to be 0.025
in the pH range from 4.04 to 8.16. In this work, the signal and noise were defined by the
average and standard deviation of the data, respectively. On the other hand, a pH sensor based
on carbon nanotube FETs showed the detection limit of 0.67 due to the small drain current in
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Fig. 7. ID versus time data of a G-FET for pH values from 4.04 to 8.16. Arrows indicate the
adding points of solution with different pH.
solution (∼ 10 nA)(Yamamoto et al., 2009). Therefore, the G-FETs are useful as pH sensors
for their stability. The pH dependence of the drain current was similar to that of few-layer
epitaxial graphene.
3.3 Detection of protein adsorption
Finally, we demonstrated label-free biomolecule detection, based on electrolyte-gated G-FETs.
A 10-mM phosphate buffer electrolyte solution at pH 6.8 was used, with a bovine serum
albumin (BSA; Sigma Aldrich Inc., St Louis, MO) target biomolecule. The isoelectric point
of BSA is 5.3, indicating that BSA molecules are negatively charged at the pH used for this
measurement. Figure 9 shows the evolution of ID of a G-FET for electronic monitoring of BSA
adsorption on a graphene channel at VTGS =−0.1 V and VBGS = 0 V. Under this condition, the ID
was expected to be increased by the hole carrier when (negatively charged) BSA was attached
to the graphene. Measurement began with a 10-mM pure phosphate buffer solution. After 10
min, further pure buffer solution was added and ID was virtually unchanged. After 20 min,
BSA concentration dependence of ID was shown. Arrows in Figure 9 mark the points where
solutions with various concentration of BSA were injected. The ID clearly increased when
BSA was introduced, indicating adsorption on the graphene surface. The drain current change
(∆ID) is shown as a function of BSA concentration (CBSA) in Figure 10. ∆ID increased linearly
at low concentrations and was saturated at higher concentrations. This result indicates that
the adsorption of BSA molecules onto the graphene surface follows the Langmuir adsorption
isotherm given by
CBSA
∆ID
=
CBSA
∆IDMax
+
Kd
∆IDMax
, (2)
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Fig. 8. Average ID as a function of pH. The dashed line is a linear fit to the data points.
where Kd is the dissociation constant of the interaction between BSA molecules and graphene
and ∆IDMax is the drain current at saturation. The Langmuir adsorption isotherm fitted the
experimental results well, as shown in Figure 10 (red dashed line). The Kd was estimated to
be 1.5× 10−8 M, which was comparable with the values obtained for Si nanowire(Cui et al.,
2001) and CNT-FET biosensors(Abe et al., 2008; Maehashi et al., 2009) using antibody-antigen
interactions, despite the fact that BSA molecules were considered to be directly adsorbed onto
the graphene surface in this work rather than through a protein-protein interaction. Further
experiments are needed to confirm the suitability of the Langmuir adsorption isotherm for
these experimental results.
Moreover, adsorption of proteins with different charge types onto the graphene surface was
detected. The isoelectric point of BSA is approximately 5.3; accordingly, BSA molecules are
positively (negatively) charged in the 10-mM phthalate (phosphate) buffer solution. Four
G-FETs were used in this experiment. Two of them were used in the phthalate buffer solution
and others in the phosphate buffer solution. Figures 11 show the time course of normalized
ID at VD and VTGS of 0.1 and −0.1 V, respectively. The drain current decreased when 80
(red lines) and 100 (blue lines) nM BSA in 10 mM phthalate buffer solution (pH 4.0) was
added, indicating that the graphene channel detected the positive charge. Conversely the
drain current increased after adding negatively charged BSA in 10 mM phosphate buffer
solution (pH 6.8). And the ID changes seem to depend on the concentration of BSA. It should
be noted that some ID trends are unstable after adding the BSA as shown in Fig. 11. The origin
of these unstable features may come from remote impurity in SiO2 layer under the graphene
channel. Very recent research showed that the existence of SiO2 layer influenced the sensing
properties for G-FETs.
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Fig. 9. ID versus time for electrical monitoring of exposure to various BSA concentrations.
Dashed lines indicate the average ID.
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Fig. 10. Plot of the net ID change of a G-FET versus BSA concentration. The dashed line is a fit
to the Langmuir adsorption isotherm.
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Fig. 11. Time course of normalized ID for G-FETs at VD and VTGS of 0.1 and −0.1 V,
respectively, in 10-mM phthalate and phosphate buffer solution. Red (blue) lines indicate that
80 (100) nM BSA was added at 10 min.
These results indicate that the graphene channel could detect the charge type of the adsorbed
biomolecules. Under the experimental conditions, the carriers in the graphene channel were
holes. Therefore, the decreased (increased) ID observed for BSA in the phthalate (phosphate)
buffer solution was a consistent result, because the hole carrier in the graphene channel
decreased (increased) as a result of exposure to the positively (negatively) charged proteins.
For biosensors based on CNT-FETs, only positive charged biomolecules can be detected,
owing to their p-type semiconductor band characteristics(Yamamoto et al., 2010). In contrast,
the G-FETs can detect positively and negatively charged biomolecules because a Schottky
barrier does not form at the interface between the electrodes and graphene, owing to its the
zero-gap semiconductor characteristics. Furthermore, the absolute value of the drain current
is larger than that of carbon nanotube devices, indicating their robustness to noise.
In this work, the conductance changes by BSA adsorption were quite small. Three possible
interpretations can be considered for the small conductance changes. One interpretation is
due to the electrode-graphene contact resistance. Although two-terminal measurement was
used in this experiment, four-terminal measurement is needed to ignore the contact resistance
fluctuations. Another interpretation is due to desorption of the BSA molecules. Protein sensing
using specific protein detection such as antigen-antibody effect is efficiency to interrupt the
BSA desorption. The other interpretation is due to the difference between isoelectric point of
the BSA (=5.6) and solution pH (=6.8) is relatively small. This small difference may lead some
uncharged amino acid of the BSA molecules. Moreover, it is important to clarify where the
charge transfer occurs and surface area dependence of the protein adsorption. These subjects
should be investigated to develop the biomolecule detector using G-FETs.
The G-FETs can reuse after measuring of protein adsorption. Figure 12 shows the optical
micrographs of a G-FET after exposing the several µM BSA (a) and after washing the proteins
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Fig. 12. Optical micrograph of a G-FET (a) after exposing proteins and (b) washing the
proteins by acid and alkali solutions.
by acid and alkali solutions (b). Many bright points indicate the adsorbed proteins onto the
graphene surface, and only these proteins disappeared after washing by sulfuric acid and
sodium hypochlorite solution. The graphene flakes have not been broken by these solutions,
indicating their high stability. And after the washing process, the G-FET can reuse as a sensor.
These results indicate that the G-FETs have high potentials for the chemical and biological
sensors.
3.4 Comparison of the CNT-FETs and G-FETs
Finally, comparison of the sensing characteristics of CNT-FETs and G-FETs are briefly
described. The important requirements of materials for the sensing device are the charge
sensitivity and stability. Since the charge sensitivity is strongly depends on the surface to
volume ratio, it can be considered that the CNT-FETs have better charge sensitivity than
G-FETs. On the contrary, the stability of G-FETs is superior to the CNT-FETs. Their absolute
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value of the drain current is as high as several ten µA, which is more than 1000 times larger
than those of CNT-FETs. This large drain current indicates the robustness for the noise during
the sensing measurements. The stable devices carry more credibility. And chirality-controlled
CNT growth technique, which leads the stable FET characteristics, has not been achieved at
present. This problem makes it difficult to fabricate the integrated sensors based on CNT-FETs.
In the case of G-FETs, the development of growth technique of graphene is the key technology.
Very recent reports says the roll-to-roll production of 30-inch graphene films can be grown by
CVD system(Bae et al., 2010). Such large-scale graphene growth technique will lead large-scale
integrated and multiple sensors based on G-FETs. Because both CNT-FETs and G-FETs have
superior characteristics for the sensing applications each other, it is important to use them
according to the situations.
4. Conclusion
We have investigated chemical and biological sensors using G-FETs. Single-layer graphene
was obtained by a micro-mechanical cleavage method. Changes in the solution pH were
electrically detected with a lowest detection limit (signal/noise = 3) of the 0.025. Their ID
showed protein-concentration dependence and their ID changes with BSA concentration were
fitted well by the Langmuir adsorption isotherm. In addition, the G-FETs clearly detected the
different charge types of a biomolecule owing to its isoelectric point. G-FETs are promising
devices for highly sensitive chemical and biological sensors. In near future, we try to evaluate
the selective protein sensing using the G-FETs.
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